Abstract Influences of ultrasonic pretreatment of pulp on the ultra-fine smithsonite flotation using sodium oleate (NaOl) as collector were studied by SEM-EDS analysis, zeta potential measurements, ICP tests and flotation tests. Results confirmed that the effect of sonication on promoting mineral dissolution rather than particle size reduction played a more important role in the final flotation response of ultra-fine smithsonite. Under the natural pH condition (pH 8), ultrasonic pretreatment on smithsonite enhance the mineral dissolution, resulting in more Zn 2+ dissolved in the aqueous dispersion. Zn 2+ and other cationic zinc component increased the zeta potentials of smithsonite by re-adsorption onto the mineral surface. Thus, the adsorption of NaOl on smithsonite surfaces was enhanced due to more zinc active sites provided. As a result, the final flotation of ultra-fine smithsonite was enhanced, which was more significant in the presence of high concentration of NaOl.
conditioning, and actual flotation) [14, 15] , and several mechanisms have been proposed as well [16, 17] .
Although ultrasonic pretreatment has been studied for many minerals, few attempts were done to reveal the effect of ultrasonic pretreatment on the zinc flotation theoretically. The shortage of fundamental studies just hinders the further development of ultrasonically-assisted zinc ore flotation. To further understand and reveal the mechanism of sonication on flotation, the effect of sonication of the pulp-preconditioning on ultra-fine smithsonite was studied in this paper.
Materials and methods

Materials and reagents
The pure smithsonite samples were taken from the Yunnan province, China. XRD result and chemical analysis of smithsonite (shown in Figure 1 and Table 1 , respectively) indicate that the ore sample is of high purity. The sample was comminuted in a porcelain mortar and ground in an agate mortar, and then separated on a dry classifier. The fine product from the classifier was used to do the flotation experiments (the size distribution of the sample is presented in Figure 3 , measured by a Mastersizer 2000, Malvern Instrument Ltd., UK). NaOl (CP) was used as the collector. Both hydrochloric acid (HCl, AR) and sodium hydroxide (NaOH, AR) were used as pH modifier. The deionized water with a resistivity of 5 MΩ was employed for all experimental work. Figure 2 schematically shows a specially-designed flotation cell. A cup horn was mounted on the one side of the flotation cell, and a cooling system was set on the other side to keep the temperature constant at room temperature.Therefore the temperature rise caused by sonication would be eliminated. An ultrasonic generator (KMD-II, KeMeida Co.Ltd, China) with 28KHZ and 3W/cm 2 was applied in our studies.
Flotation tests
Flotation tests using single mineral were carried out in a XFG flotation machine at a spindle speed of 1700 rpm. Mineral suspension was prepared by adding 2.5 g of smithsonite minerals to 50 ml of solutions. The pH of mineral suspension was adjusted to a desired value by NaOH or HCl. After that, the pulp was preconditioned by sonication for 3min firstly. The collector was then added into the slurry which was conditioned for 3 min before the final flotation. The flotation time was 3 min. Both floated and unfloated particles were collected, filtered and dried. The flotation recovery was calculated based on solid weight distributions between the two products.
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Other methods and procedures
The morphologies of the samples treated and untreated by ultrasound were observed by high resolution Scanning Electron Microscopy (Nova NanoSEM230, FEI, USA), using a field emission microscope (FE-SEM Zeiss Supra TM55) coupled with an Oxford-Inca energy dispersive spectroscopy analyzer (EDS) which was used for local chemical analysis of the samples.
The concentration of the dissolved Zn 2+ ions was tested by an ICP optical emission spectrometry (PS-6, Bird, USA). For the ICP analysis, the mineral solution would be pretreated by ultrasound for certain minute. After the pH adjusted, the suspensions were then centrifugally separated at 9000 rpm for 10 min by means of a centrifuge. The concentration of Zn 2+ in the supernatant liquid was measured finally .
Zeta potential measurements were conducted at 20 using a Nano ZS90 zeta potential ℃ analyzer (Malvern Co., UK). A dilute mineral suspension was prepared by adding 0.02 g of mineral samples（size -2μm）to 40 mL KNO3 (0.01 M) solution. The pulp was preconditioned by sonication for 3min firstly. Then the pH was adjusted and measured. The suspension was magnetically stirred for 10 min. After a standing of 5 min, the supernatant liquid was sucked out and used for measurement. At least 3 measurements were made for a certain experimental condition, and the average value of zeta potential and the standard deviation were calculated. Figure 3 shows the comparison of particle size distribution of smithsonite before and after ultrasonic pretreatment. As seen in Figure 3 , the energetic ultrasound treatment yields to particles of smaller size, with the volume average particle size of particles (i.e., D [4, 3] ) decreasing from 2.916μm to 2.395μm. Reduction of particle size shows that sonication produce particle breakage. Similar effects of ultrasounds on other minerals were reported by different authors [18, 19] . Cavitation bubbles generated by the ultrasound implode at the surface of the smithsonite particles creating enough energy to break the particles. Thus, the breakage of particles shall be attributed to the mechanical impact produced by powerful jets of collapsing cavitation bubbles. However, as for the flotation of ultra-fine smithsonite, the size reduction induced by sonication was just insignificant. As seen in SEM-EDS analysis ( Figure 5 ) of a selected dot on the smithsonite surface, the ration of zinc and oxygen (Wt%) on the surface of smithsonite is increased after the ultrasonic treatment, changing from 1.209 to 1.573. Interestingly, the weight ration of Zn/O for pure smithsonite (ZnCO3) is 1.354. The smaller value measured before sonication may be due to the organic impurities or residual oxygen during the measurement operations. The ultrasonic pretreatment of the smithsonite accompanies the mineral dissolution [20] , so the increase in weight ratio of Zn/O for smithsonite is probably to be related to the mineral ions migration in the aqueous dispersion. The dissolution of smithsonite is very complex, but from the data shown by EDS, we can qualitatively draw a conclusion that ultrasonic pretreatment of smithsonite leads to more carbonate ions lost from the mineral surface in general, compared with the Zn 2+ ions.
Characterization of smithsonite particles treated by ultrasound
pH and zeta potential analysis
Smithsonite is a semi-soluble type salt mineral with solubility product constant of 1.46 ×10 -10 M [21] . The dissolution of species of smithsonite is complex. As a divalent transition element, Zn 2+ inhabits multiple coordination environments because of the ionic radius, which is intermediate between the so-called radius ratio predictions for tetrahedral and octa-hedral coordination, and the tendency to form more covalent bonds [22] . According to the distribution diagram of dissolution species of smithsonite (Figure 6 ), the species Zn 2+
predominates until pH reaches 8. During the pretreatment, the mechanism actions induced by stirring and sonication tends to be the dissolution of the surface ions of smithsonite (i.e., Zn 2+ and CO3 2-), followed by various hydrolysis and precipitation reactions in the solution. Based on the above analysis, in pH 8, the main pH-determining cationic components in the aqueous dispersion are Zn 2+ and Zn(OH) + , the former of which is dominant. The balance pH of the suspension with sonication is lower than that with stirring, suggesting more OH -ions are consumed or less OH -ions are generated in the aqueous dispersion pretreated by sonication, both of which calls for more Zn 2+ ions existing in the aqueous. Previous studies have shown that the surface potential of smithsonite which is closely related to the smithsonite flotation, would be affected significantly as the concentration of Zn 2+ in aqueous solution increases [24, 25] . To verify the influence of ultrasonic treatment on the zeta potential of smithsonite, the zeta potentials of smithsonite were measured in the presence and absence of sonication (shown in Figure 9 ). It is clearly that the IEP (isoelectric point) of smithsonite occurs near pH 8 in the absence of ultrasonic treatment, similar to the studies of Shi [24] . However, in the presence of sonication, the IEP of smithsonite increases to litter smaller than 9. In this case, the surface of smithsonite is positively charged when pH is near 8, suggesting some positively charged ions or polar groups (mainly the Zn 2+ and Zn(OH) + in present study) shall be adsorbed onto the smithsonite surface. Similar finding was also been reported by [22] . Results showed in Figure 8 and Figure 9 are well consistent with the data and analysis about EDS. To the ultra-fine smithsonite particles, the effect of ultrasound on particles breakage is not significant. However, as a kind of semi-soluble type salt mineral, sonication can strongly promote the dissolution of smithsonite, resulting in more Zn 2+ dissolved into the solution.
When pH is around 8, the dominant cationic zinc components (i.e., Zn 2+ and ZnOH + ) can re-adsorbed onto the smithsonite surface, increasing the adsorption active sites for NaOl. The flotation of ultra-fine smithsonite is therefore enhanced due to more NaOl molecules adsorbed onto the minerals surface. When the concentration of sodium oleate is relatively high, the effect of zinc components promoting the adsorption of the agent shall be more obvious, which probably the reason why sonication can increase the flotation recovery more noticeably with a higher concentration of NaOl used. In addition, based on the data shown in Figure 6 , there are also some zinc hydroxide precipitates existed in the solution. Indeed, the adsorption or coating of zinc hydroxide onto the mineral surface will block the adsorption of NaOl on the particles, reducing the surface hydrophobicity of minerals, thus worsening the final flotation. Vibration induced by ultrasound appears to clean the smithsonite surface by preventing zinc hydroxide deposition [17] , which can hardly to be full achieved in flotation with mere stirring treatment.
Conclusions
The following conclusions can be drawn based on the results.
(1) To ultra-fine smithsonite particles, the effect of ultrasound on particle breakage is not notable, while the mineral dissolution can be significantly enhanced.
(2) When pH is near 8, ultrasonic pretreatment of the mineral suspension results in the increase of Zn 2+ concentration. The cationic zinc components (mainly the Zn 2+ and Zn(OH) + ) can re-adsorb onto the surface of smithsonite, therefore promoting the adsorption of NaOl by increasing the zinc active sites.
(3) Ultrasonic pretreatment of pulp enhances the flotation of ultra-fine smithsonite, which is more significant with a relatively high concentration of NaOl added.
